Arabidopsis (Arabidopsis thaliana) overexpressing glycolate oxidase (GO) Moreover, the data demonstrate that a response to oxidative stress is installed, with increased expression and/or activity of known oxidative stress-responsive components. Hence, the GO plants are an ideal noninvasive model system in which to study the effects of H 2 O 2 directly in the chloroplasts, because H 2 O 2 accumulation is inducible and sustained perturbations can reproducibly be provoked by exposing the plants to different ambient conditions.
Reactive oxygen species (ROS) include partially reduced forms of oxygen such as hydrogen peroxide (H 2 O 2 ), hydroxyl radical (OH · ), and superoxide anion (O 2 2· ) and the excited state of the oxygen molecule, singlet oxygen ( 1 O 2 ; Apel and Hirt, 2004) . They are inevitable by-products of aerobic chemical reactions that take place during normal cell metabolism (e.g. in chloroplasts, mitochondria, and peroxisomes). Examples are the generation of superoxide radicals by oneelectron reduction of molecular oxygen by PSI and their rapid conversion to H 2 O 2 by superoxide dismutase (SOD) or the generation of H 2 O 2 by the peroxisomal glycolate oxidase reaction linked to photorespiration.
Production of ROS is dramatically enhanced in response to adverse environmental conditions, often resulting in an excessive demand of the cellular antioxidant machinery, for example, when plants are exposed to sudden increases in light intensity. Under such conditions, the electron carriers are overreduced and the triplet state of P680 is favored, leading to photoinhibition of PSII and the production of 1 O 2 (Hideg et al., 2002) . In response to high light stress but also to wounding or infection, Arabidopsis (Arabidopsis thaliana) accumulates H 2 O 2 specifically in the vascular bundles, where the major source of it is the chloroplast (Orozco-Cárdenas et al., 2001; Fryer et al., 2003; Chang et al., 2004) .
ROS can cause oxidative damage to proteins, DNA, and lipids, leading to irreversible damage and ultimately to tissue necrosis (Halliwell, 2006) . Plant cells evolved nonenzymatic and enzymatic mechanisms to limit the action of ROS. Nonenzymatic scavenging systems include ascorbate, glutathione, tocopherols, flavonoids, alkaloids, and carotenoids, with ascorbate being the most important reducing substrate for H 2 O 2 detoxification (Noctor and Foyer, 1998; Asada, 1999) . Enzymatic antioxidant mechanisms include SOD, ascorbate peroxidase (APX), glutathione peroxidase, and catalase (CAT). SOD, APX, and glutathione peroxidase are encoded by multiple genes in Arabidopsis, and the isoforms are localized to different subcellular compartments (Kliebenstein et al., 1998; Apel and Hirt, 2004; Iqbal et al., 2006) . In contrast, CAT is basically found in peroxisomes (Apel and Hirt, 2004) .
On the other hand, ROS can act as signaling molecules. At high concentrations, H 2 O 2 induces cell death (Dat et al., 2003) , while at low concentrations, it can act as a messenger molecule involved in accli-matory signaling (Karpinski et al., 1999; Dat et al., 2000) . Some of these studies pointed to changes in the transcriptome and proteome of tobacco (Nicotiana tabacum) and Arabidopsis, indicating that a flow of information may exist from the site of ROS action to the nucleus (Desikan et al., 2001; Pnueli et al., 2003; Vandenabeele et al., 2003; Bechtold et al., 2008) . In addition, chloroplast-generated O 2 ·2 resulting from the application of methyl viologen (MV) during active photosynthesis in Arabidopsis leaves caused a strong induction of genes encoding various transcription factor families and signaling pathways, including receptorlike kinases .
As mentioned above, peroxisomes are the major site of H 2 O 2 generation in C 3 plants in the context of the C 2 oxidative photosynthetic cycle, also known as the photorespiratory cycle or photorespiration (Tolbert, 1997; Wingler et al., 2000) . Due to the oxygenase activity of Rubisco, glycolate 2-phosphate is formed within the chloroplasts, which is dephosphorylated and subsequently oxidized to glyoxylate by glycolate oxidase (GO) in the peroxisomes, with the concomitant production of H 2 O 2 (Nishimura et al., 1983) . H 2 O 2 is then detoxified by the action of the peroxisomal CAT.
To assess the effects of metabolically generated H 2 O 2 in chloroplasts, transgenic Arabidopsis plants were generated in which the peroxisomal GO was targeted to the chloroplasts (GO plants, Fig. 1 ). An exhaustive characterization of the GO plants indicated that the antioxidant machinery of chloroplasts is swamped by the light-induced production of H 2 O 2 in these plants and that its accumulation is responsible for the observed GO phenotype. Moreover, the changes in transcript levels and activities of known oxidative stress-responsive components prompt us to propose the GO lines as an inducible system in which to study oxidative stress phenomena. Finally, the amount of H 2 O 2 produced in the GO plants could be controlled by changing the conditions of growth, thus making the GO plants a challenging model in which to study the action of plastid-produced H 2 O 2 as a signal molecule.
RESULTS AND DISCUSSION

Generation of Transgenic Lines Expressing GO in Chloroplasts
GO-overexpressing lines were produced by transforming Arabidopsis plants with a plasmid encoding GO without the peroxisomal targeting sequence but containing a transit peptide to direct the protein to chloroplasts. GO plants showed between 20% and 50% higher GO activities than wild-type plants ( Fig. 2A) . Southern-blot analysis indicated that the lines GO5, GO16, and GO20 contained one transgene insertion, while the line GO14 contained two insertions (data not shown). All transgenic lines analyzed in this work were nonsegregating T3 plants.
Generation of GO-MS-and GO-TSSOverexpressing Lines
Line GO5 was further transformed with a plasmid encoding malate synthase (MS) from pumpkin (Cucurbita maxima) cotyledons without the putative C-terminal peroxisomal targeting sequence or, alternatively, a bacterial tartronate-semialdehyde synthase (TSS). Both constructs contained an N-terminal plastid targeting signal sequence to direct the corresponding proteins to chloroplasts (see "Materials and Methods"). MS and TSS catalyze the conversion of glyoxylate, the product of the GO reaction, into malate and tartronate-semialdehyde, respectively (Fig. 1) . In the double transformants, GO activities were in the range of the parental GO line ( Fig. 2A) . The line GO-MS2 contained one MS transgene insertion, while lines GO-MS11 and GO-MS14 contained two insertions (data not shown). MS activity was detected in all transgenic lines, and, as expected, no activity was found in wildtype leaves (Fig. 2B) .
All GO-TSS lines contained one TSS gene insertion. The TSS activity could not be measured; thus, the presence of the overexpressed protein was confirmed by western-blot analysis using specific antibodies raised against recombinant TSS. As shown in Figure  2C , a band of the expected apparent molecular mass could be detected in the transgenic lines. It is worth mentioning that this band had the same apparent molecular mass as the purified recombinant mature protein (approximately 65 kD; Fig. 2C ), indicating that the precursor protein containing the transit peptide is correctly cleaved in vivo, leading to the mature protein inside the plastids. In addition, an in vitro stromal processing assay revealed that the GO and TSS precursor proteins are cleaved by stromal proteases; thus, they possess functional plastid transit sequences (Supplemental Fig. S1A ). Moreover, MS was highly active in isolated chloroplasts of MS-expressing plants, while negligible levels were determined in wild-type plants, demonstrating the correct localization of the MS protein (Supplemental Fig. S1B ). 3A) . Under these conditions, the GO plants presented a retarded flowering time, except for GO5 plants, which showed a similar flowering time as the wild type (Fig. 4B) . The level of glyoxylate was increased in the GO plants compared with the wild-type plants (Fig. 3B) . For H 2 O 2 detection, 3,3#-diaminobenzidine (DAB) staining was performed in leaves of wild-type and transgenic lines. In contrast to the wild type, a clear H 2 O 2 accumulation was observed in lines overexpressing GO after exposure to 200 mmol quanta m 22 s 21 (Fig. 3C ), while no differences in DAB staining patterns were observed in leaves of plants grown at low photon fluxes (30 mmol quanta m 22 s
21
; data not shown).
Chlorophyll fluorescence indicated that the photosynthetic electron transport rate (ETR; Fig. 4C ) was markedly decreased in GO plants. In addition, the F v / F m parameter, which indicates the maximum quantum efficiency of PSII (thus, a decrease in this ratio is an indicator of photoinhibition of photosynthesis), was estimated from chlorophyll fluorescence. No differences in F v /F m were observed between the genotypes at moderate light intensities of growth (0.81 6 0.07, 0.76 6 0.02, and 0.79 6 0.01 for the wild-type, GO5, and GO-MS11 plants, respectively). On the other hand, GO plants grown at low light intensities (30 mmol quanta m 22 s 21 ) and subsequently exposed for 6 h to high light intensities (600 mmol quanta m 22 s 21 ) showed enhanced photoinhibition, with F v /F m of 0.67 6 0.03, 0.55 6 0.02, and 0.52 6 0.03 for the wildtype, GO5, and GO-MS11 plants, respectively. Before high light treatment, the F v /F m ratios obtained were similar for all genotypes (0.77 6 0.01, 0.78 6 0.01, and 0.77 6 0.01 for the wild-type, GO5, and GO-MS11 plants, respectively). Moreover, under high light conditions, the GO plants showed bleaching and developed severe oxidative lesions after long-term exposure to high light (Fig. 3A) .
In order to suppress the flux through the GO by inhibiting photorespiration, 14-d-old plants grown under normal conditions (75 mmol quanta m 22 s 21 and 380 mL L 21 CO 2 ) were transferred to high CO 2 conditions (4,000 mL L
). After 7 d of growth at high CO 2 , the GO plants were as green as the wild-type plants, and after another 14 d, the rosette diameter of the GO plants (Fig. 4A ) and the photosynthetic ETRs (Fig. 4D) more, growth at a low light intensity (30 mmol quanta m 22 s 21 and 380 mL L 21 CO 2 ) resulted in neither apparent phenotypic differences between GO and wild-type plants (Fig. 3A ) nor in the accumulation of H 2 O 2 (data not shown). Interestingly, the GO-TSS and GO-MS lines presented the same phenotypic characteristics as the GO plants under all conditions (Fig. 3 , A and C), but the glyoxylate content of all double overexpression lines was similar to that of the wild type (Fig. 3B) . These results strongly indicate that TSS and MS were able to further metabolize glyoxylate produced by the action of GO and that the observed damages were due to the accumulation of H 2 O 2 rather than that of glyoxylate.
GO Plants Accumulate Less Starch in High Light Conditions
We then evaluated the capacity of the transformants to accumulate starch at the end of the light period. No evident differences in starch accumulation among the GO, GO-MS, and wild-type plants were observed when plants were grown under moderate light intensity and ambient CO 2 concentration (380 mL L 21 ; Fig.  5A ). On the contrary, the GO and GO-MS plants showed decreased starch accumulation under high light conditions (Fig. 5B) , a feature that was not observed when plants were grown under nonphotorespiratory conditions (i.e. high CO 2 concentrations; Fig. 5C ). These results and the lower growth rates of the GO and GO-MS plants in conditions at which the oxygenase activity of Rubisco becomes important (Fig.  3A) are probably due to enhanced photoinhibition. In addition to this, the repression of genes encoding photosynthetic components by H 2 O 2 (Desikan et al., 2001; Vandenabeele et al., 2003; ) and the direct damage or inhibition of enzyme activities involved in CO 2 assimilation and energy metabolism by H 2 O 2 (Verniquet et al., 1991; Palatnik et al., 1999; Asada, 2006; Baxter et al., 2007) can also explain these observations. Moreover, showed that in plants treated with MV, most of the genes involved in starch degradation through the phosphorolytic pathway, the triose-phosphate/ phosphate translocator, and genes involved in starch and Suc synthesis were repressed, while genes involved in starch breakdown by the hydrolytic pathway and those involved in Suc degradation were induced.
GO Plants Possess Enhanced Antioxidant Enzyme Activities
The antioxidant machinery of GO plants was analyzed by determining APX and CAT activities in leaf extracts and SOD activity by native-PAGE. In comparison with wild-type plants, the GO plants showed a significantly enhanced total APX activity by approximately 26% and 10% when grown at moderate light (75 mmol quanta m 22 s 21 ) and after 6 h of exposure to higher light intensities (200 mmol quanta m 22 s
21
), respectively ( Fig. 6A) . No significant change in total CAT activity was observed at 75 and 200 mmol quanta m 22 s 21 in GO plants compared with wild-type plants (Fig. 6B) . It is worth mentioning that Miyake and Asada (1996) showed that APX is rapidly inactivated by traces of H 2 O 2 in the absence of ascorbate. These contrasting results can be reconciled considering that their results were obtained with a purified APX isoform from spinach (Spinacia oleracea) thylakoids, while in our study the total APX activity was determined in Arabidopsis leaves. On the other hand, in chloroplasts, ascorbate contents are high (approximately 20-300 mM; Smirnoff, 2000) , which is the most likely reason why APX in GO plants is not so effectively inactivated by the H 2 O 2 generated by GO. When foliar extracts were subjected to native-PAGE and stained for SOD activity, bands corresponding to the manganese SOD (MnSOD; slowest mobility; Kliebenstein et al., 1998) , iron SOD (FeSOD; next slowest mobility; Kliebenstein et al., 1998) , and copper-zinc SOD (CuZnSOD; the fastest migrating as a diffuse doublet; Kliebenstein et al., 1998) isoforms were detected in wild-type and GO5 plants grown under 75 mmol quanta m 22 s 21 (Fig. 6C ). The intensity of the bands corresponding to MnSOD and FeSOD was similar in both genotypes, whereas the intensity of the CuZnSOD doublet band was enhanced in the GO5 plants (Fig. 6C) . Thus, the GO plants exhibited an enhanced activity of both the plastidic (lower mobility of the doublet; Kliebenstein et al., 1998) and the cytosolic (faster mobility of the doublet; Kliebenstein et al., 1998) CuZnSOD isoforms. Oxidative conditions provoked by growing these plants at 200 mmol quanta m 22 s 21 did not produce a further increment in total SOD activity (data not shown).
As Gln synthetase (GS) and 2-Cys peroxiredoxin (2-Cys Prx) were shown to be sensitive to oxidative conditions (Palatnik et al., 1999; , these enzymes were followed by western-blot analysis in leaf extracts of GO plants. Protein levels of GS1 (cytosolic), GS2 (chloroplastic), and 2-Cys Prx (chloroplastic) remained constant at moderate light intensity and after high light treatment in all GO lines assayed compared with the respective controls, indicating that these ROS target proteins remained unaltered in GO plants in these light conditions (Supplemental Fig. S2 ). In agreement with the higher activity of CuZnSOD determined in GO plants with respect to the wild type at moderate photon fluxes, the amount of CuZnSOD (chloroplastic) determined by western-blot analysis was also increased in the GO plants in comparison with control MS plants (Supplemental Fig. S2 ), indicating that the increased activity followed by the in gel assays is at least a consequence of higher CuZnSOD accumulation.
Taken together, these results indicate that the GO phenotype is a direct consequence of the transgenic GO activity. Production of glycolate in the chloroplasts only takes place during the light period as a result of the oxygenase activity of Rubisco. Under nonphotorespiratory conditions (e.g. very low light intensities or high CO 2 concentrations), the production of glycolate inside the chloroplasts is minimized and the contents of H 2 O 2 and glyoxylate should remain at very low levels because no substrate for GO is available, thus explaining the normal development of GO plants under these conditions. On the contrary, as under moderate light and normal ambient CO 2 concentrations, photorespiration is established and GO plants accumulate H 2 O 2 and, thus, show a retarded growth phenotype, a characteristic of plants with enhanced ROS accumulation, like transformants with decreased thylakoid-bound APX activity (Tarantino et al., 2005) or the knockout mutant of chloroplastic CuZnSOD (Rizhsky et al., 2003) . Moreover, under stress situations in which photorespiration is exacerbated (e.g. high light intensities or high temperature), the huge production of H 2 O 2 causes extensive oxidative damage to GO plants. In this way, it is possible to modulate the production of H 2 O 2 inside the chloroplast by exposing the GO plants to defined growth conditions.
The data obtained also indicate that the GO plants sense a higher level of H 2 O 2 , since antioxidative enzyme activities were enhanced with respect to the wild type but these increments were not high enough to efficiently scavenge the excess H 2 O 2 produced in situ. The GO phenotype and the observation that the coexpression of MS or TSS with GO reduced the glyoxylate levels to wild-type levels ( Fig. 2B) (Fig. 7) . On the contrary, the GO plants showed intense bleaching and photooxidative lesions. Moreover, the accumulation of anthocyanins was not visible before 15 d of treatment (Fig. 7, A and B) . Accordingly, GO plants showed only low expression levels of the genes involved in the phenylpropanoid biosynthetic pathway in response to high light (Fig. 7C ). No differences in the accumulation of these transcripts between wildtype and GO plants became apparent after 10 d in high light (data not shown). The GO-TSS and GO-MS lines responded similarly to long-term high light stress (data not shown).
Anthocyanins have been shown to act as a "sunscreen," protecting cells from high light damage by absorbing blue-green light, thereby protecting the tissues from photoinhibition (Steyn et al., 2002; Nagata et al., 2003) . In agreement with this, the retarded accumulation of anthocyanins of the GO plants can also contribute to the almost arrested growth of these plants during the first 14 d in high light. Nevertheless, they were able to flower and produced viable seeds. Recently, Vanderauwera et al. (2005) showed that a transcriptional cluster including anthocyanin regulatory and biosynthetic pathway genes was strongly and rapidly induced by high light in wild-type Arabidopsis plants, while this induction was delayed in CATdeficient plants that accumulate photorespiratory H 2 O 2 . Taking these observations into account, the retarded production of anthocyanin pigments in the GO plants can be explained by the impairment of the induction of genes involved in the biosynthesis of anthocyanins caused by the accumulation of H 2 O 2 . The molecular mechanism of this regulatory action of H 2 O 2, however, remains to be elucidated.
Changes in the Transcription of Oxidative Stress Markers
As shown above, photorespiratory conditions like exposure to high light intensities for 6 h resulted in increased levels of H 2 O 2 in GO plants. To analyze if transcriptional changes of the genes involved in oxidative stress occurred in the GO and GO-MS plants under these conditions, some marker genes were selected based on evidence from expression profiles obtained after MV treatment . Those authors showed that within the first 2 h of 50 mM MV treatment, several genes were differentially expressed. Among them were the small heat shock protein (Hsp17.6B-CI or sHSP; At2g29500), the transcription factor WRKY30 (At5g24110), and the chloroplastic localized ferritin (Fer1; At5g01600). Expression analysis by quantitative real-time PCR indicated a clear accumulation of these transcripts in GO plants at high light intensities, in contrast to the control plants expressing MS (Fig. 8) . These results also showed that the H 2 O 2 produced after 6 h of high light exposure was sufficient to induce changes in the gene expression of GO plants.
CONCLUSION
GO plants show retardation in growth and flowering time. Similar features were observed in cat2 and apx1 mutants (Pnueli et al., 2003; Queval et al., 2007) . It is feasible that the enhanced levels of H 2 O 2 in these plants affected the expression of transcription factors involved in the regulation of plant growth and flowering. Because the growth suppression in GO plants was dependent on photorespiratory conditions, it is feasible that this effect is directly linked to H 2 O 2 accumulation in cells. On the other hand, GO plants showed a reduced expression of genes involved in anthocyanin biosynthesis, such as PAL1, CHS, and DFR. This could be related to a suppression of the senescence program in which anthocyanin levels are elevated (Hoch et al., 2001) . Both effects could be part of a mechanism that drives the acclimatory resistance in plants exposed to sublethal doses of H 2 O 2 that did not affect the viability of Arabidopsis plants but may play a regulatory role in the cellular network, leading to altered gene expression and the reconfiguration of metabolism in order to adapt to oxidative conditions. ROS are key molecules in the regulation of plant development, stress responses, and programmed cell death. Previous studies indicated that, depending on the type of ROS or its subcellular production site, different cellular responses are provoked (Gadjev et al., 2006) . The proposed selective signaling by specific ROS remained difficult to tackle experimentally, because no suitable experimental systems were available to modulate the levels of a specific ROS at a particular subcellular location and at a given time. is generated in peroxisomes under photorespiratory conditions. The GO plants are unique in that H 2 O 2 is generated inside the chloroplast even in the absence of biotic or abiotic stress or oxidants. Furthermore, the amount of H 2 O 2 produced in these lines could be controlled by modulating light intensities, CO 2 levels, or both.
It has been shown that the high antioxidant capacity of the cell ensures that ROS signaling is a localized event under physiological conditions and that even if H 2 O 2 can diffuse freely inside the cell, the molecule has to interact with sensors in close proximity to the site of generation (Buchanan and Balmer, 2005) . Moreover, it was proposed that limiting the accumulation of H 2 O 2 to its site of production allows the initiation of distinct signals depending on its subcellular origin (Mullineaux and Karpinski, 2002) . By contrast, breakdown in the integrity of this spatial component, such that H 2 O 2 diffuses into other subcellular compartments, would promote oxidative stress and trigger signaling associated with cell death (Mullineaux et al., 2006) . Therefore, we demonstrate that GO plants represent an excellent and challenging tool in which to study the action of H 2 O 2 as a signal molecule in chloroplasts as well as the consequences of oxidative stress from a holistic approach.
MATERIALS AND METHODS
PCR Amplification of the Transgenes
The cDNAs corresponding to GO from Arabidopsis (Arabidopsis thaliana) leaves (At3g14420) and MS from pumpkin (Cucurbita maxima) cotyledons (X56948) and the gene corresponding to the bacterial TSS (NP_415040) were amplified using Platinum Pfx DNA polymerase (Invitrogen) and cloned into pGEM T-Easy (Promega) or, alternatively, pCR-Blunt II-TOPO (Invitrogen). In the case of GO and MS, the nucleotides encoding the last amino acids (A/SRL), which presumably represent peroxisomal targeting signals (Horng et al., 1995) , were omitted. The following primer combinations were used: GOfow (5#-TACAATTGGAGATCACTAACGTTACCGAGT-3#) and GOrev1 (5#-TGGGACACTCCACGTCCTTAGTCTAGACTAGTA-3#), MSfow (5#-ACA-CCGGTCGCTGGGAATGTATTCTGAATCGGCA-3#) and MSrev1 (5#-CAC-ATAGGCATACATCATCCCAGGTGAGTCGACGTT-3#), and TSSfow (5#-TAG-AATTCGCAAAAATGAGAGCCGTTGAC-3#) and TSSrev (5#-CGGTCGA-CTTATTCATAGTGCATGAAGCAGGT-3#). To follow the cloning strategy, primers were designed to introduce unique MunI and SpeI sites at the 5# and 3# ends of GO, AgeI and SalI sites at the 5# and 3# ends of MS, and a unique EcoRI restriction site at the 5# end of TSS. In order to target GO to chloroplasts, the cDNA corresponding to the stromal targeting presequence from the Arabidopsis phosphoglucomutase (At5g51820; 225 bp) was amplified by PCR using the following primers: PGMfow (5#-TAGGTACCCAATCAACAAT-GACGTCGACCTAC-3#) and PGMrev (5#-GAGATTAAATCGTTGCCGACG-AAGCAATTGTA-3#). The oligonucleotides were designed to introduce unique KpnI and MunI restriction sites at the 5# and 3# ends. The fragment obtained was cloned upstream of the GO cDNA. To target MS to the chloroplast, a fragment containing the tomato (Lycopersicon esculentum)-rbcS3C (Rubisco small subunit; X66072) promoter (715 bp) and transit peptide (172 bp) was amplified by PCR using genomic DNA and the following primers: rbcS3Cfow (5#-ACGAGCT-CATCCAGAATTGGCGTTGGATTA-3#) and rbcS3Crev (5#-AGCAACGGTG-GAAGAGTCAGTTGCAACCGGTAT-3#). The primers were designed to introduce unique SacI and AgeI restriction sites at the 5# and 3# ends. The fragment obtained was inserted upstream of the MS coding regions. In order to target TSS to the chloroplast, the cDNA fragment coding for the stromal targeting presequence from soybean (Glycine max)-rbcs (Rubisco small subunit; V00458; 258 bp) was amplified by PCR using the following primers: TPfow (5#-TAG-GTACCAGCTTGGATATCTGGCAGCAGAAA-3#) and TPrev (5#-TACAATT-GCATAGAAGCCATCATGCATT-3#). The oligonucleotides were designed to introduce a unique MunI restriction site at the 3# end. The fragment obtained was cloned upstream of the TSS coding region. All plasmid constructions were sequenced using the PRISM fluorescent dye-terminator system (Applied Biosystems) to exclude any possible mutation that could be created by the polymerase action.
Construction of Binary Vectors, Transformation of Arabidopsis, and Selection of Transformants
To direct the expression in Arabidopsis, the DNAs encoding the plastidic precursor of the enzymes were cloned into a modified version of the binary vector pGreenII (Hellens et al., 2000; Fahnenstich et al., 2007) using different strategies. In the case of MS, the cauliflower mosaic virus 35S promoter was cut out of the vector and the tomato-rbcS3C promoter was used to direct the expression. Selection marker genes that confer kanamycin (Kan) or, alternatively, hygromycin (Hyg) resistance were cloned into the StuI site within the basic pGreenII vector. GO was cloned into the pGreenII 35S-Kan vector, MS into the pGreenII rbcS3C-Hyg vector, and TSS into the pGreenII 35S-Hyg vector. The resulting plasmids, named 35S:GO, rbcS3C:MS, and 35S:TSS, were electroporated into Agrobacterium tumefaciens GV3101 bearing the helper plasmid pSoup and used to transform Arabidopsis plants (ecotype Colombia) via vacuum infiltration (Bechtold et al., 1993) . Transformed seeds were selected by resistance to either kanamycin or hygromycin. Plants containing the transgenes were allowed to self-pollinate. All analyses were performed with nonsegregating homozygous T3 transgenic lines.
Plant Growth Conditions and Stress Treatment
Seeds of Arabidopsis ecotype Columbia and the transgenic lines were sown on soil and kept in darkness for 4 d at 4°C to synchronize germination. Seedlings were then transferred to pots containing three parts soil (Gebr. Patzer) and one part vermiculite (Basalt Feuerfest) and grown under a 16-h- 
Heterologous Expression of TSS, Purification of the Recombinant Proteins, and Preparation of Antiserum against TSS
The bacterial gene encoding TSS was amplified by PCR using Escherichia coli DH5a genomic DNA as template. The following primer combinations, which introduced unique NdeI and BamHI restriction sites at the 5# and 3# ends, respectively, were used: TSSpETfow (5#-GTCATATGGCAAAAATGA-GAGCCGTTGACG-3#) and TSSpETrev (5#-GAGGATCCTTATTCATAGTG-CATGAAGCAG-3#). The amplified products were cloned into pCR-Blunt II-TOPO (Invitrogen) and sequenced using the PRISM fluorescent dyeterminator system (Applied Biosystems). The plasmids were digested with NdeI and BamHI and subcloned into the pET16b expression vector (Novagen).
Protein expression was induced with isopropyl b-D-thiogalactopyranoside. The expressed proteins were purified by nickel-nitrilotriacetic acid agarose chromatography (Qiagen) followed by 10% SDS-PAGE. Gel-purified proteins were used as antigens for the production of polyclonal antibodies in rabbits by Eurogentec.
Protein Detection by Western-Blot Analysis
Protein extracts were prepared from 21-d-old plants by grinding leaf material in liquid nitrogen and resuspending it in 100 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 , 2 mM EDTA, 10% (v/v) glycerol, and 10 mM 2-mercaptoethanol in the presence of a protease inhibitor cocktail (Sigma-Aldrich). The homogenates were clarified by centrifugation, and the supernatants were separated by 10% SDS-PAGE (Laemmli, 1970) . Proteins were electroblotted onto polyvinylidene difluoride membrane (Bio-Rad) and detected using specific polyclonal antibodies against TSS, GS (Scarpeci et al., 2007) , chloroplastic Hsp70, 2-Cys Prx, and chloroplastic CuZnSOD. Bound antibodies were located by linking to alkaline phosphatase-conjugated goat anti-rabbit IgG according to the manufacturer's instructions (Sigma-Aldrich). Alkaline phosphatase activity was detected colorimetrically.
Stromal Protease in Vitro Processing Assay
Intact chloroplasts were prepared from 100 mg of 28-d-old leaves of pea (Pisum sativum). Small pieces of leaves were homogenized in medium A (330 mM sorbitol, 5 mM ascorbate, 2 mM EDTA, 1 mM MgCl 2 , 1 mM MnCl 2 , 0.5 mM KH 2 PO 4 , 4 mM Cys, 50 mM MES/KOH, pH 6.1, and 0.05% [w/v] bovine serum albumin). The homogenate was filtered with Miracloth filters (Calbiochem) and centrifuged for 1 min at 4,000g at 4°C. The precipitate was resuspended and washed twice in medium B (330 mM sorbitol, 50 mM HEPES-KOH, pH 7.8, and 0.1 mM phenylmethylsulfonyl fluoride), and the chloroplast pellet was resuspended in 20 mM HEPES, pH 8.0, and incubated for 15 min at 4°C. After a 20-min centrifugation step at 10,000g at 4°C, the supernatant containing the stromal proteases was ready for the in vitro digestion assay. The complete coding sequences of the GO and TSS cloned into pGEM T-Easy were transcribed and translated using the TNT coupled reticulocyte lysate system (Promega) and [
35 S]Met as labeled amino acid according to the manufacturer's instructions. The in vitro processing assay with stromal extract (20 mL final volume) contained 10 mM HEPES, pH 8.5, 0.4% chloramphenicol, 2 mM Met, and 4 mL of stromal extract. The reactions were allowed to proceed for 3 h at 28°C. The aliquots taken at different incubation times were analyzed by SDS-PAGE and fluorography. The gels were exposed on PhosphorScreen membranes for 5 d (Kodak, Sigma-Aldrich) and were analyzed in the PhosphorImager (Storm 860; Molecular Dynamics).
Preparation of Leaf Extracts, Chloroplast Isolation, and Enzymatic Measurements
GO
Leaf material was homogenized in the presence of liquid nitrogen, resuspended in 100 mM HEPES (pH 7.2), 1 mM EDTA, and 10 mM 2-mercaptoethanol, and the homogenate was clarified by centrifugation. Aliquots of 10 mL were used for the enzymatic assays following the method of Yamaguchi and Nishimura (2000) with the following modifications. The reaction medium contained 100 mM triethanolamine (pH 7.8), 3 mM EDTA, 0.75 mM oxidized glutathione, and 4 mM phenylhydrazine. The reaction was started by the addition of 2.3 mM sodium glycolate and followed spectrophotometrically at 320 nm. One unit is defined as the amount of enzyme catalyzing the production of 1 mmol glyoxylate-phenylhydrazone min 21 calculated from the extinction coefficient for phenylhydrazone at 324 nm of 16.8 mM 21 cm 21 .
MS
Leaf material was homogenized in the presence of liquid nitrogen and resuspended in extraction buffer consisting of 50 mM Tris-HCl (pH 8.0) and 1 mM MgCl 2 , and the homogenate was clarified by centrifugation. Intact chloroplasts were isolated as described by Kunst et al. (1988) . Pelleted chloroplasts were resuspended in 0.33 M sorbitol, 50 mM Tris-HCl (pH 8.0), and 1 mM MgCl 2 . Aliquots of 10 mL of the leaf extract and chloroplasts were used for the enzymatic assays. MS activity was determined following the procedure described by Smith et al. (2003) . The reaction medium contained 50 mM Tris-HCl (pH 8.0), 5 mM MgCl 2 , 3 mM acetyl-CoA, and 1.6 mM 5,5-dithiobis 2-nitrobenzoic acid. The reaction was started by the addition of 4 mM glyoxylate and followed spectrophotometrically at 410 nm at 25°C. One unit is defined as the amount of enzyme catalyzing the production of 1 mmol 4-nitrothiolate min 21 calculated from the extinction coefficient for 4-nitrothiolate at 410 nm of 13.7 M 21 cm 21 .
SOD
Extraction of leaf material for SOD activity was carried out according to a published procedure (Gupta et al., 1993) . The supernatant was recovered at 4°C by centrifugation (20,000g, 20 min) , and equal amounts of soluble protein (15 mg) were subjected to native-PAGE. SOD in gel activity was determined as described previously (Beauchamp and Fridovich, 1971) .
Measurements of Glyoxylate Content
The determination of glyoxylate was conducted using a modification of the protocol described by Häusler et al. (1996) . Leaf material (30-100 mg) was homogenized in the presence of liquid nitrogen, 500 mL of 100 mM HCl, and 0.1% phenylhydrazine and incubated at 80°C for 5 min. After chilling on ice, the samples were centrifuged at 10,000g for 2 min, and 200 mL of the supernatant was mixed with 750 mL of 18.5% HCl and 50 mL of 4% (w/v) K 3 Fe (CN) 6 . The mixture was centrifuged at 10,000g for 2 min, and the absorbance of the supernatant was measured at 520 nm exactly 8 min after the addition of K 3 Fe(CN) 6 . As a control, K 3 Fe(CN) 6 was omitted.
RNA Isolation and PCR Analysis
Total RNA was isolated from 100 mg of leaves using the TRIzol reagent (Gibco-BRL). RNA was converted into first-strand cDNA using SuperScript II reverse transcriptase (Invitrogen). Semiquantitative RT-PCR analysis of transcripts of selected anthocyanin biosynthetic enzymes (PAL1 [At2g37040], CHS [At5g13939], and DFR [At5g42800]) was conducted in a final volume of 10 mL using 0.5 mL of the transcribed product and Taq DNA polymerase (Qiagen). To achieve specific amplification products, the primers were designed in a way that at least one intron was spanned in the genomic DNA. used were as follows: PAL1fow (5#-ACACAAGAGCAACGGAGGAGGA-3#) and PAL1rev (5#-CTATTGGTAACAGTGTGAAGGTGG-3#), CHSfow (5#-ATGGTGATGGCTGGTGCTTCTTCT-3#) and CHSrev (5#-TGCCTGGTG-CTGACTACCAGCTCA-3#), and DFRfow (5#-TCATCGGTTCATGGCTAGT-GATG-3#) and DFRrev (5#-TGACAGGATGGATGTATTTCGTGT-3#). As control, the ACTIN2 gene was amplified using the primers Actin2for (5#-TGT-ACGCCAGTGGTCCTACAACC-3#) and Actin2rev (5#-GAAGCAAGAA-TGGAACCACCG-3#) and the following amplification conditions: 3 min of denaturation at 94°C; 29 to 33 cycles at 94°C for 30 s, 57°C for 40 s, and 72°C for 30 s; followed by 5 min at 72°C. PCR products were resolved on a 1.5% (w/v) agarose gel. Quantitative real-time PCR analyses of WRKY30 (At5g24110), sHSP (At2g29500), and Fer1 (At5g01600) transcripts were performed using the following primers: W30L (5#-CGCTGGACGATGGATTCAGTTGGAGA-3#) and W30R (5#-TCGGTTCGAGGTTTTGTATCGGCATTG-3#), sHSPL (5#-GCG-ATCGTGAACGCACGTGTGGA-3#) and sHSPR (5#-TCCATCTTCACATT-CTCCGGCAACC-3#), and FerF (5#-CACCGCCGCTAATCCCGCTCTGTC-TCC-3#) and FerR (5#-AAACTCCACCCTATCGTCTCACCTATC-3#). Tubulin transcripts were measured as internal control using the primers TubF (5#-GAGAATGCTGATGAGTGCATGG-3#) and TubR (5#-CAGGGAA-CCTCAGACAGCAAGT-3#). cDNAs were amplified using the Mastercycler ep Realplex 2 thermocycler (Eppendorf). PCR conditions were 1 min at 95°C and 40 cycles of 15 s at 95°C, 30 s at 55°C, and 40 s at 72°C. Following amplification, products were denatured by heating from 60°C to 95°C to check amplification specificity. RT-PCR was performed using a SYBR Green fluorescence-based assay. Gene-specific cDNA amounts were calculated from threshold cycle (Ct) values, expressed relative to controls and normalized with respect to tubulin cDNA, used as internal reference. Values were normalized by an internal reference (Ct r ) according to the equation DCt = Ct 2 Ct r and quantified as 2 2DCt . A second normalization by a control (Ct c ) DDCt = Ct 2 Ct c produces a relative quantification: 2 2DDCt (Livak and Schmittgen, 2001 ).
Chlorophyll Fluorescence Parameters
Measurements of chlorophyll a fluorescence of the upper leaf surface were performed with a PAM-2000 pulse amplitude modulation chlorophyll fluorometer (Walz; Schreiber et al., 1986) . Basal fluorescence (F 0 ) was measured with modulated weak red light using leaves of plants that were dark adapted for at least 10 min. Maximal fluorescence in the dark-adapted state (F m ) and during illumination (F m #) was induced with a saturating white light pulse (5,000 mmol m 22 s 21 ; duration, 0.8 s). According to Genty et al. (1989) , the effective quantum yield of PSII (Y PSII ) was calculated as Y PSII = (F m # 2 F s )/F m # (where F s is steady-state fluorescence). Based on this, the absolute rates of electron transport around PSII at a given PPFD were assessed by the formula ETR = Y PSII 3 PPFD 3 0.84 3 0.5. The factors are based on the assumptions that 84% of the incident quanta are absorbed by the leaf (factor 0.84) and that the transport of one electron by the two photosystems requires the absorption of two quanta (factor 0.5). The F v /F m index was calculated as (F m 2 F 0 )/F m .
Qualitative Assay of Starch and H 2 O 2
Starch accumulation was determined by the iodine staining method as described by Caspar et al. (1986) . Detection of H 2 O 2 was performed by infiltrating leaves with a solution of 1 mg mL 21 DAB in MES buffer (pH 6.5) as described by Thordal-Christensen et al. (1997) . H 2 O 2 was visualized as a reddish-brown coloration. Prior to imaging, chlorophyll was removed from leaves with 70% (v/v) ethanol.
Anthocyanin Measurements
Leaf material (50-100 mg) was frozen in liquid nitrogen, and the pigments were extracted in 500 mL of 1% (v/v) HCl and 18% (v/v) 1-propanol during 3 min at 95°C. After an overnight incubation at room temperature, the samples were centrifuged for 20 min at 20,000g. The absorbance of the supernatant was measured spectrophotometrically at 535 and 650 nm, and the quantity of anthocyanins was determined by correcting the absorption at 535 nm using the Raleigh formula [A 535 (corrected) = A 535 2 A 650 ; Lange et al., 1971 ) and normalized to the fresh weight of each sample.
Statistical Analysis
Significance was determined according to Student's t test using Excel software (Microsoft).
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . In vitro stromal protease digestion analyzed by SDS-PAGE and fluorography (A) and MS activity in isolated chloroplasts of transgenic plants overexpressing MS and wild-type (wt) plants (B).
Supplemental Figure S2 . Western-blot analysis of cytosolic GS1 (cyt), chloroplastic GS2 (chl), chloroplastic 2-Cys Prx (chl), and chloroplastic CuZnSOD (chl) using leaf extracts of GO5, GO-MS11, and control MS4 plants grown under 75 mmol quanta m 22 s 21 (ML) and after exposing the plants for 6 h to 600 mmol quanta m 22 s 21 (HL).
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